Treatment of solid and liquid tobacco wastes with high nicotine content remains a longstanding challenge. Here, we explored an environmentally friendly approach to replace tobacco waste disposal with resource recovery by genetically engineering Pseudomonas putida. The biosynthesis of 3-succinoyl-pyridine (SP), a precursor in the production of hypotensive agents, from the tobacco waste was developed using whole cells of the engineered Pseudomonas strain, S16dspm. Under optimal conditions in fed-batch biotransformation, the final concentrations of product SP reached 9.8 g/L and 8.9 g/L from aqueous nicotine solution and crude suspension of the tobacco waste, respectively. In addition, the crystal compound SP produced from aqueous nicotine of the tobacco waste in batch biotransformation was of high purity and its isolation yield on nicotine was 54.2%. This study shows a promising route for processing environmental wastes as raw materials in order to produce valuable compounds.
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. However, parts of tobacco leaves that can not be used in cigarette production are discarded because their nicotine content is in a high range of 3-6% (w/w) 2 . As an N-heterocyclic alkaloid, nicotine is the main toxic organic compound in solid or liquid tobacco wastes. The lethal dose of pure nicotine for adults is reported to be 60 mg, an oral LD 50 of 0.8 mg/kg, or less (30-60 mg) 3 . In addition, nicotine released into the environment as a result of the tobacco industry has been designated as a Toxic Release Inventory (TRI) chemical by the United States Environmental Protection Agency 4 . Due to its high solubility in aqueous solutions, nicotine leached from tobacco wastes can be easily transported into ground water. In previous reports, nicotine has been increasingly detected in seepage and leakage water from landfill wastes 5, 6 . The development of methods to clean up and remove nicotine present in large amounts of tobacco wastes is imperative. Under methanogenic or aerobic conditions, a series of effective bioremediation processes focusing on nicotine reduction in tobacco wastes have been developed [7] [8] [9] . However, a variety of microorganisms play important roles in these biological methods. Bacteria of the genera Pseudomonas and Arthrobacter represent the two major types of bacterial species among these nicotinophilic microorganisms 10 . Because of their ability to degrade nicotine with high efficiency, certain microbes could be used to dispose of tobacco wastes 11 . Replacing waste disposal with resource recovery has been viewed as a potential environment-friendly and resource-saving future possibility 12 . In earlier times, to increase the value of tobacco wastes, such as low-grade tobacco leaves, processes were carried out to recover nicotine from these wastes and the extracted nicotine or nicotine sulfate was used as insecticide [13] [14] [15] . In addition, nicotine has potential application as a precursor molecule for the synthesis of valuable chemicals, especially many functional pyridines, which are difficult to prepare via chemical methods 16, 17 . A number of pyridine derivatives exhibit bioactivity and medicinal value, such as vitamin B 6 (pyridoxine), analgesics (propiram, epibatidine), analeptics (nicethamide, camphotamide) and anti-inflammaroty drugs (clonixin, nicoboxil) ( Fig. 1 ) [17] [18] [19] . For example, 3-succinoyl-pyridine (SP) (also called γ-oxo-3-pyridinebutanoic acid) is a nicotine derivative and simple molecular pyridine compound and can be transformed into mammals hypotensive agents (ω -heteroaroyl-(propionyl)-L-prolines) 20 . The mechanism of nicotine degradation in species of the Arthrobacter genus has been reported in detail 21 . Moreover, the nicotine degradation pathway in Pseudomonas spp. has also been determined, particularly in Pseudomonas putida strain S16 [22] [23] [24] [25] . Based on these scientific developments, metabolic engineering could be a new approach for realizing customized multistep microbial synthesis of valuable compounds 26 . In previous studies, we have shown that strain S16 and its derivative have the ability to produce 6-hydroxy-3-succinoyl-pyridine (HSP) 13, 27 , and these results verify that these species of Pseudomonas have the potential to utilize the nicotine in tobacco wastes and form a variety of valuable metabolites.
In this study, we expected to introduce a promising "green" method of reusing and reducing the toxicity of tobacco wastes to efficiently synthesize SP using genetically engineering Pseudomonas putida. Moreover, this SP production could be initiated with aqueous nicotine solution extracted from the low-grade tobacco leaves and even begun directly with crude suspension of tobacco leaf powder. Therefore, this green strategy makes it possible to convert nicotine from tobacco wastes with high nicotine content into commercially valuable compounds. 
Results
Detection of nicotine in discarded tobacco leaves. To determine the actual nicotine content of discarded tobacco leaves (the tobacco waste), linear standard curves of nicotine and 3-succinoyl-pyridine (SP) were drawn according to the data of high performance liquid chromatography (HPLC) analysis. Using the standard curve, the nicotine content in these tobacco leaves was calculated as a percentage, yielding results of 3.09% ± 0.02% (w/w) ( Table 1 ). This value was used to determine the total amount of nicotine in the tobacco leaves.
Separation of nicotine from the tobacco leaves. After the first step from 50 g tobacco leaves powder, 500 mL leach liquor was obtained and the nicotine content was calculated to be 2.3 g/L. The nicotine yield of step 1 was ~74.3% after immersion in water (Fig. 2) . The second step was chloroform extraction, and the thin layer chromatography (TLC) results showed that there was little nicotine residue in aqueous phase after extraction. Finally, nicotine was separated into the aqueous sulfuric acid solution, resulting in 20 ml aqueous solution with 49.0 g/L nicotine content and a 63.4% yield by weight of the total nicotine (Fig. 2) .
Preparation of the S16dspm biocatalyst. Due to the deletion of the spmA gene, the S16dspm strain has lost the ability to further degrade SP and cannot grow in nicotine medium 25 . Resting-cell reactions of S16dspm were investigated in glycerin and lysogeny borth (LB) medium, respectively. The resting cells obtained from culture in glycerin and LB medium showed no significant difference in nicotine transformation ability ( Figs 3A,B) . These data suggest that there were no differences between glycerin and LB medium for biocatalyst preparation. However, the whole-cell reactions showed low nicotine cell transforming activity without nicotine in either glycerin or LB medium, which indicated that the nicotine in the prepared media was necessary to improve the bioconversion ability of whole cells as an inducer. Average content of nicotine in tobacco leaves (%) 3.09 ± 0.02 Table 1 . Determination of nicotine content in discarded tobacco leaves. Figure 2 . Strategies of SP production from the tobacco leaves using P. putida S16dspm. (A)
Step 1: pure water was used as solvent to obtain crude suspension of the tobacco leaves with nicotine recovery yield of 74.3%. Steps 2 and 3: chloroform extraction and acidic aqueous back-extraction were performed to obtain aqueous nicotine solution with nicotine recovery yield of 64.3%. (B) Nicotine degradation pathway in P. putida S16dspm was blocked at SP due to inactivation of Spm enzyme. Whole cells of S16dspm were used as biocatalysts for SP production following two strategies: the biotransformation to SP from aqueous nicotine solution (strategy A) and from crude suspension of the tobacco leaves (strategy B). Optimal reaction conditions for synthesis of SP. Cell integrity was necessary for biotransformation of nicotine to SP because no SP synthesis occurred under cell-free condition (Fig. 3C) . Moreover, the nicotine content was detected after 10 h under the cell-free condition, and the nicotine content remained unchanged. Therefore, the biocatalytic reaction should be conducted in the whole-cell system, and cell integrity is necessary for the biotransformation of nicotine. The biotransformation reactions were performed at different temperatures and pH values in deionized water. The SP synthesis activity was optimal at 24 °C, and the relatively high temperature of 42 °C deteriorated the efficiency of SP formation (Fig. 3D ). The acidic condition was found to hinder SP formation, and the optimum pH value was 9.0 ( Fig. 3E ). According to an earlier report, a nicotine content of 6 g/L or more in culture was poisonous to the growth of bacterium S16 22 . However, under the catalytic reaction condition containing 5.6 mg/ml (dry cell weight, DCW) of resting cells (OD 620 ~ 10), the biotransformation could be conducted even with an initial nicotine of 15 g/L. Moreover, the SP formation rate was not obviously effected when the initial nicotine content was increased (Fig. 3F) . The results suggest that a nicotine content of 3 g/L is an appropriate initial nicotine concentration, and increased substrate concentration could improve the final yield of SP but not the rate of SP formation.
Then, the whole-cell reaction was performed with all of the optimal conditions mentioned above, and the results of TLC/HPLC analysis are shown in Fig. 3G . After incubation for 6 h, almost all of the nicotine has been converted into metabolite SP, and the transformation was an equimolar reaction (Fig. 3H ).
Isolation and identification of the SP compound. To isolate the metabolite SP, the methods used were performed as previous described and the powder was purified by recrystallization (Fig. 4A ) 13 . The crystals showed no impurities when analyzed by HPLC. Finally, about 0.72 g of the (4.02 mmol) metabolite SP was obtained from 1.20 g (7.41 mmol) nicotine and the isolation yield of crystal SP was 54.2%. (Fig. 4B) . The 13 C spectrum showed that there are nine carbon atoms in the SP compound, and each type of carbon atom in the molecule is represented by a peak (Fig. 4D) . The NMR data for SP are consistent with those in a previous report by Wang et al. 23 .
Batch and fed-batch biotransformations to SP. For batch biotransformation of nicotine to SP, the biocatalyst was reused three times, and each time, the initial nicotine concentration was 3.0 g/L. The SP concentrations with the conversion yields on nicotine were 3.2 ± 0.35 g/L (97.0%), 3.3 ± 0.45 g/L (100.0%), and 2.9 ± 0.65 (87.9%), respectively. The results showed that whole cells of the strain S16dspm could be reused and that, in these subsequent uses, they had almost the same efficient catalytic capabilities as in their first use (Fig. 5A) . For fed-batch biotransformation of strategy A, the substrate nicotine was fed intermittently to maintain a substrate concentration above 1 g/L. The time courses of nicotine feeding and SP production are shown in Fig. 5B . SP product was efficiently accumulated after a reaction time of 20 h; the final concentration of SP transformed from nicotine was 9.8 ± 0.11 g/L, with a conversion yield of 83.8% for 45 h.
When crude tobacco extract was used as the substrate in fed-batch biotransformation, the optimal pH for the reaction was 7.0 and the final SP concentration was 8.9 ± 0.38 g/L with a conversion yield of 89.9% (Fig. 5D) . Compared to the concentrations produced when using a pH of 7.0 or 9.0, the SP concentration was lowest at pH 5.1 (initial pH value of crude tobacco leaf powder extract): 3.9 ± 0.11 g/L with a yield on nicotine of 54.9% for 46 h (Fig. 5C) . The SP concentration obtained using crude tobacco extract was 6.6 ± 0.07 g/L with a yield on nicotine of 85.7% for 59 h (Fig. 5E) , which was lower than that obtained using aqueous nicotine solution at pH 9.0 (Fig. 5B) .
Function of the pps_3984 gene on nicotine degradation in strain S16. The biocatalyst S16dspm in this work lost its ability to degrade metabolite SP 25 . Interestingly, Qiu et al. reported that when the sirA2 (sirA like) gene was disrupted in Pseudomonas sp. HZN6, the sirA2-disrupted mutant lost the ability to degrade SP 28 . In P. putida S16, a sirA-like gene (pps_3984 gene) may also exist, located in a similar gene cluster to that of sirA2/sirA in Pseudomonas sp. HZN6 and P. putida KT2440 (Fig. 6A ). The pps_3984 protein shows 76% and 97% similarity in amino acid sequence identity to SirA2 protein in Pseudomonas sp. HZN6 and SirA protein in P. putida KT2440, respectively (Fig. 6B) . Semi-quantitative reverse transcription polymerase chain reaction (RT-PCR) analysis of pps_3984 showed that this gene was transcribed when strain S16 was grown in nicotine medium (Fig. 6C) . However, the mutant of strain S16 with pps_3984 gene deletion, S16d3984, could also grow in nicotine medium (Fig. 6D) . This mutant strain did not lose the ability of nicotine and SP degradation and had no ability to accumulate metabolite SP (Fig. 6E) . These results show that pps_3984 gene is not crucial in the nicotine degradation of strain S16. from S16 cells grown in nicotine medium were used as templates for PCR with oligonucleotide pairs of pps_3984 gene. Lane M was DNA marker. (D) Growth curves of wild type P. putida S16 (S16WT) (■) and the pps_3984 gene disrupted mutant S16d3984 (•) in nicotine medium with nicotine as the sole carbon and nitrogen source, and S16WT and S16d3984 grown on nicotine plate. (E) HPLC analysis of changes of nicotine and SP concentration by culturing S16WT and S16d3984 in nicotine medium. Nicotine degradation by S16d3984 (■). SP metabolism by S16d3984 (□). Nicotine degradation by S16WT (▲). SP metabolism by S16WT (Δ ).
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Discussion
Tobacco wastes containing alkaloids are intractable wastes. In recent years, the nicotine metabolism of Pseudomonas strains has been studied in depth, especially in P. putida S16 and Pseudomonas sp. HZN6 22, 28 . These strains, with high nicotine degrading efficiency, have potential applications in tobacco waste treatment. Meanwhile, biotransformation by means of engineered microbial cells makes a possibility in resource recovery of tobacco wastes with high nicotine content 12 . In early times, 6-hydroxy-(S)-nicotine (productivity, 30 g/L) and 6-hydroxy-3-succinoylpyridine (productivity, 15 g/L) (HSP) were produced by fermentation processes using Arthrobacter oxydans NRRL-B-3603 and Pseudomonas sp. DSM8653, respectively 16 . In addition, P. putida S16 and its derivative P-HSP were developed for the production of HSP in our previous work, and the productivity of HSP could reach 16.3 g/L 13, 27 . In this paper, genetically engineered strain S16dspm was used to produce a new nicotine analogue 3-succinoyl-pyridine (SP) with a productivity of 9.8 g/L. Over 7000 exciting drugs are pyridine derivatives in the pharmaceutical industry, and the selective functionalization of the pyridine ring is difficult to control by chemical means [17] [18] [19] . So the production of simple molecular pyridine compounds, such as SP, HSP or 2,5-dihydroxypyridine (2,5-DHP), by engineered biocatalyst will provide abundant starting materials for the synthesis of bioactivity pyridine drugs.
The advantage of whole-cell biocatalysts is that energy can be provided and cofactors can be recycled when redox reactions are involved 17, 29 . The biotransformation from nicotine to SP in S16dspm needs multi-enzymatic reactions, and the putative cofactors involved were shown in Fig. 7 30, 31 . The reaction from nicotine to SP didn't consume energy, and the putative cofactors FAD/FADH 2 involved in the reaction from nicotine to 3-succinoylsemialdehyde-pyridine were self-regeneration under aerobic conditions 29 . The last step of reaction from 3-succinoylsemialdehyde-pyridine to the product SP was catalyzed by enzyme Sapd with cofactors NADP + /NADPH. However, the Sapd was not essential for nicotine metabolism in S16 because the mutant strain S16dsapd with the deletion of sapd gene could still use nicotine to grow. The most reasonable explanation was that 3-succinoylsemialdehyde-pyridine could be easily oxidized to SP by other aldehyde dehydrogenases in the whole cell biocatalysts of mutant strain 25, 31 . Thus, these facts could explain why the biotransformation in this work using the whole cells S16dspm as biocatalysts was sustainable.
The engineered strain S16dspm achieved high accumulation of SP from both aqueous nicotine and crude tobacco powder extract at the optimal conditions. To test the biocatalytic capability of S16dspm, we explored two strategies. Strategy A: the aqueous nicotine solution extracted from the tobacco leaves was used as substrate (Fig. 2 left) . Compared with crude suspension of the tobacco leaves, the reaction solution was simple when the reaction substrate was aqueous nicotine solution, and the optimal pH value for SP production was 9.0 (Fig. 3E) , the same as that for HSP production 27 . When the bioconversion reaction system is uncomplicated, the alkaline condition is conducive to SP formation due to its property as a weak acid. Strategy B: the biotransformation could be performed directly in crude tobacco extract in an aqueous solution (Fig. 2 right) . However, the initial pH value of crude tobacco extract was 5.1, and as shown in Fig. 5C , this condition was not suitable for SP production. Intriguingly, the SP concentration obtained at pH 9.0 was not the maximum concentration, and it was lower than that obtained at pH 7.0 (Fig. 5D,E) when crude tobacco extract was used as the substrate. This may be due to the fact Figure 7 . Intermediates and putative cofactors between nicotine and the product SP in P. putida S16dspm. Biotransformation from nicotine to SP was catalyzed by multi-enzymes: NicA2, nicotine oxidoreductase; Pnao, pseudooxynicotine amine oxidase; Sapd, 3-succinoylsemialdehyde-pyridine dehydrogenase; SpmABC, SP monoxygenase. Cofactors involved in the reaction between nicotine and pseudooxynicotine were suggested to be FAD/FADH 2 according to reaction catalyzed by 6-hydroxy-L-nicotine oxidase 30 . Cofactors involved in the reaction from pseudooxynicotine to SP were suggested to be FAD/FADH 2 and NADP + /NADPH according to similar reactions catalyzed by PNAO and SAPD in Pseudomonas sp. HZN6 31 .
that crude tobacco extract consists of complex components, including pectins, tannins and alkaloids which can make the reaction mixture become muddy under the alkaline condition and this could inhibit biocatalyst activity. Moreover, SP was isolated from the reaction solution easily in strategy A due to its simple component reaction system. However, when the transformation was carried out in crude tobacco extract using pure water as a solvent in strategy B, the isolation and purification SP-compound crystals remained to be investigated, and would provide a greener approach of SP production than strategy A due to its use of an organic solvent. In summary, the efficient and specific biocatalyst could be easily prepared using the reusable whole cells of S16dspm. Under the optimal biotransformation process, the isolation yield of crystal compound SP on nicotine was 54.2%. Additionally, this production process for SP reveals that spmA gene is crucial in SP degradation of strain S16 rather than the pps_3984 gene, a sirA-like gene. Resource recovery of tobacco waste remains a long-term challenge, and this study thus offers a useful strategy to accomplish the recovery of discarded tobacco wastes.
Methods
Chemicals. l-(− )-Nicotine was obtained from Fluka Chemie GmbH (Switzerland). SP was obtained from Toronto Research Chemicals (Canada). All other reagents used were of analytical grade.
Bacterial strains, plasmids, and culture conditions. Pseudomonas putida S16 was isolated from soil and identified as a nicotine-degrading strain as previously decribed 22 . Strain S16 was deposited at Deutsche Sammlung von Mikroorganismen und Zellkulturen with in Gottingen (Germany) under DSM No. 28022. The mutant strain P. putida S16dspm was derived from strain S16 in our previous sutudy 25 .
The bacterium S16dspm was cultivated in LB medium or glycerin medium containing 1 g/L nicotine at 30 °C.
Construction of mutant strain S16d3984 and semi-quantitative RT-PCR analysis of pps_3984 gene. The disruption of gene pps_3984 was performed using suicide plasmid pK18mob according to the previous methods 25, 27 . The primers pps_3984F (5′ -AGCTAAGCTTCTGTGACGCCGAACTGGAC-3′ , HindIII) and pps_3984R (5′ -GCGAATTCGTGTAGGTACCGGCCTCGGC-3′ , EcoRI) were used in this work. Semi-quantitative RT-PCR analysis of pps_3984 gene was performed as previously described 32 . Analysis of the homologous gene cluster in P. putida S16, P. putida KT2440 and Pseudomonas sp. HZN6 and sequence similarity of amino acid were performed by Vector NTI software.
Determination of nicotine content in discarded tobacco leaves. A batch of discarded tobacco leaves (the tobacco waste) was obtained from Henan province, China. Dried, pulverized, and sieved tobacco powder was prepared for nicotine extraction. Exactly 100 ml of methanol-0.1 M NaOH (1:1, [vol/vol]) were added to 0.5 g tobacco powder, and then the mixture was sonicated for 1 h. After centrifugation at 12,000 rpm for 2 min, this suspension was diluted with twice volume of anhydrous ethanol and prepared for HPLC analysis.
Extraction of nicotine from discarded tobacco leaves. Strategy A (Fig. 2 right) : in order to obtain aqueous nicotine solution, aqueous extracts of tobacco leaves (the tobacco waste) were obtained after step 1, and then the chloroform (1/5 volume) was added to the crude tobacco extract to obtain nicotine in organic phase. Ultimately, back-extraction was performed by dilute sulfuric acid (pH ≤ 4) to get nicotine into aqueous phase.
Strategy B (Fig. 2 left) : in order to obtain crude suspension of the tobacco leaves, dried tobacco powder (1 part) was suspended in distilled water (12 parts), and the mixture was left at 60 °C temp with stirring for 200 minutes, then the filter residue was removed to get the crude tobacco extract.
Transformation of nicotine to SP using S16dspm resting cells. Mutant strain S16dspm was cultured at 30 °C in a rotary shaker at 200 rpm in LB medium or glycerin medium. In mid-exponential phase, cells were harvested by centrifugation at 4,500 rpm for 20 min at 4 °C, then washed with 0.1 M PBS for the first time and with distilled water for twice. The transformation reactions were carried out in a 500-ml flask containing 5.6 mg/ml DCW of resting cells (OD 620nm ~ 10), 3-15 g/L nicotine and deionized water, with shaking at 120 rpm at 24-42 °C.
Culture temperature, pH, nicotine content and cellular integrity were studied to identify the optimal conditions for SP production. To identify the optimal temperature for the SP production, reactions were conducted in deionized water containing 3 g/L nicotine at 24 °C, 30 °C, 37 °C, and 42 °C, respectively, with the initial pH 8.0. The optimal pH was identified among pH values of 6.0, 7.0, 8.0 and 9.0. The pH was adjusted using 0.5 M NaOH. Under the optimal temperature and pH condition, the effect of initial nicotine content (3.0, 5.0, 10.0, or 15.0 g/L) was investigated. To evaluate whether the cellular integrity was necessary for the reaction, nicotine transformation was compared between whole-cell and cell-free conditions. The subsequent work was carried out under optimized conditions. 300 ml reaction solution under optimized conditions. For batch transformation, the biocatalyst was collected after the reaction for 8 hours, and reused for another 8 hours. For fed-batch transformation, nicotine was fed at the desired time. Specifically, the reactions in crude leaves powder extract were carried out under different conditions of pH 5.1, pH 7.0, and pH 9.0, respectively. Sample preparation and analytical methods. Samples of resting-cell reactions were obtained at desired time, and then twice volume of ethanol was added to stop the reaction. The supernatant obtained after centrifugation at 12,000 rpm for 2 min was filtered by 0.22 μ m polyamide filter before quantitative analysis by HPLC. HPLC was performed as previously described 13 . TLC was used to analyze the metabolite SP. The TLC experiment was performed on 0.2 ± 0.03 mm silica gel (HSGF 254, YJY, Yantai, China) with chloroform-ethanol-methanol-0.5 M NaOH (30:15:2:1.5 [vol/vol]) as mobile phase. The spots of nicotine and SP were shown under UV light (254 nm), or detected by incubating it in iodine vapor.
Batch
Isolation and identification of metabolite SP. After resting-cell incubation with nicotine for ~6 h, the reaction was stopped by removing cells via centrifugation at 8,000 rpm for 10 min at 4 °C. Then the supernatant was evaporated at 50 °C under reduced pressure. The residual liquid was adjusted to pH 3 and then filtration and drying were performed to obtain the white precipitate SP. To identify the structure of metabolite SP, electrospray ionization (ESI)-MS and NMR were performed as previous reports 23 .
